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Abstract

In this paper we develop various new fixed point theorems for a class of operator
equations with three general mixed monotone operators,namely

Alx, x) + B(x,x) + C(x,x) = x on ordered Banach spaces, where A, B, C are the mixed
monotone operators. A is such that forany t € (0, 1), there exists @(t) € (t, 1] such that
forall x,y € P, Altx,t™'y) > @(t)A(x,y); B is hypo-homogeneous, i.e. B satisfies that for
any te (0,1),x,y € P, B(tx, t'y) = tB(x,y); C is concave-convex, i.e. C satisfies that for
fixed y, C(-,y) : P— Pis concave; for fixed x, C(x, -): P — P is convex. Also we study the
solution of the nonlinear eigenvalue equation A(x, x) + B(x,x) + C(x,x) = Ax and discuss
its dependency to the parameter. Our work extends many existing results in the field
of study. As an application, we utilize the results obtained in this paper for the
operator equation to study the existence and uniqueness of positive solutions for a
class of nonlinear fractional differential equations with integral boundary conditions.
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1 Introduction
Mixed monotone operators are an important class of operators which are used intensively
in engineering, nuclear physics, biology, chemistry, technology, etc. They were first intro-
duced by Guo and Lakshmikantham in [1]. Thereafter, many authors have investigated
this kind of operators in Banach spaces and obtained a lot of interesting and important
results (see [2—10]).

In [11], Chen discussed the conditions which guarantee the existence of an asymptoti-
cally attractive fixed point for T = A + H : P — P, where P is a cone of a Banach space E.
A,H : P — P are two monotone operators in E and there exist > 0 and « € (0,1) such that

H(tx) > tHx, Vte (n,1),x€P,

and

A(tx) > t*Ax, Vte(n,1),xeP,
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where o € (,1). If there is an %y € P such that Ax € C,, and Hx, € Cy,, then there exists
A:(n,1) x Cyy — (0, 1) such that T'(tx) > ATy, t € (n,1), x € P. Furthermore, if A,,(¢) =
SUPec,, A(t, %) < 1, then there exists x, € C, such that lim,,_, o T"x¢ = %, and Tx, = x.

In [12], Zhang used the partial order theory to study mixed monotone operators which

have different types of concave-convex properties (for example: A(x,y) is concave in x,

and (-«)-convex in y). The author also assumes that there exist ug,vp € P, € >0, ¢ > «
such that 0 < ug < vg, ug < A(ug, vo), A(vo, o) < vo; and A(0,vg) > A(vo, ug)), and he
establishes the existence and uniqueness of a fixed point without assuming the operator
to be compact or continuous.

In [13], Zhai and Hao considered the existence and uniqueness of positive solutions to
the operator equation A(x, x) + Bx = x on ordered Banach spaces, where A is a mixed mono-
tone operator, B is an increasing sub-homogeneous operator or «-concave operator, and
assume that:

(1) there is kg € Py, such that A(hg, hgy) € Py, Bhy € Py;

(2) there exists a constant §g > 0, such that A(x, y) > 80B(x,y), Vx,y € P.

In [14], Zhai and Anderson studied an operator equation Ax + Bx + Cx = x on ordered
Banach spaces, where A is an increasing «-concave operator, B is an increasing sub-
homogeneous operator and C is a homogeneous operator and satisfy:

(1) thereis & > 6 such that Ak € Py, Bh € Py, Ch € Py;

(2) there exist constants 87,8, > 0, such that Ax > §;Bx + §,Cx, Vx € P.

The existence and uniqueness of positive solutions of the operator equation is obtained
by using the properties of cones and a fixed point theorem for increasing general g-
concave operators.

Motivated by the above work, this paper studies the existence and uniqueness of positive

solutions to the following operator equation on ordered Banach spaces:
A(x,x) + B(x,x) + C(x,x) = x, (1.1)

where A, B, C: P x P — P are mixed monotone operators and satisfy the following condi-
tions, respectively:
(1) for any t € (0,1), there exists ¢(¢) € (¢,1] such that

Atx,t7'y) = 9(AW,y), Yx,y€P;
(2) foranyte€(0,1),
B(tx, t‘ly) > tB(x,y), Vx,yeb;

(3) for any fixed y, C(-,y) : P — P is concave; for any fixed x, C(x,-) : P — P is convex.

Also we study the solution of the nonlinear eigenvalue equation A(x,x) + B(x,x) +
C(x,x) = Ax and discuss its properties. As an application, we utilize the results obtained
for the operator equations to study the existence and uniqueness of positive solutions for
a class of nonlinear fractional differential equations with integral boundary conditions.

To our knowledge, so far no fixed point results have been achieved for the operator of
equation (1.1) with the operators A, B, C satisfying the above listed conditions (1), (2), and
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(3). Our work presented in this paper has various new features. First,by using the proper-
ties of cones, we obtain some existence and uniqueness results of positive solutions for the
operator of equation (1.1) without the need of assuming the operators to be continuous
or compact, which extends the corresponding results in [11-23]. Most importantly our
work is about the sum of three classes of mixed monotone operators. We also discusses
the solution of the nonlinear eigenvalue equation A(x, x) + B(x,x) + C(x,x) = Ax and inves-
tigate its dependency to the parameter. To demonstrate the applicability of our abstract
results, we give, in the last section of the paper, some applications to nonlinear fractional
differential equations with integral boundary conditions, and also, we give some specific
examples.

2 Preliminaries and lemmas

For convenience in the discussion of the following sections, we briefly present here some
definitions, notations and known results. For more details, we refer the reader to [1, 16, 19,
24-26] and the references therein.

Suppose that (E, || - ||) is a Banach space and 0 is the zero element of E. Recall that a non-
empty closed convex set P C E is a cone if it satisfies (1) x e P, A > 0 = Ax € P; (2) x € P,
—x € P = x = 60. The Banach space E can be partially ordered by a cone P C E, i.e., x < y if
and only if y —x € P. If x <y and x #y, then we denote x < y or y > x.

A cone P is said to be solid if its interior P is non-empty. If x —y € 1.3, then we denote
x> y. Moreover, P is called normal if there exists a constant N > 0 such that forallx,y € E,
0 <x < yimplies ||x|]| < N||y||, where the smallest N is called the normality constant of P.
If x1,%5 € E, the set [x,x3] = {x € E | x; < x < xy} is called the order interval between
x1 and x,. We say that an operator A : E — E is increasing (decreasing) if x < y implies
Ax < Ay (Ay < Ax). An operator A : P — P is said to be a-concave if there exists « € (0,1)
such that for all £ € (0,1), x € P, A(tx) > t*Ax.

For x,y € E, the notation x ~ y means that there exist . > 0 and p > 0 such that \x <y <
pux. Clearly, ~ is an equivalence relation. Given /# > 0, we denote by Ph the set P, = {x €
P | x~ h}.Itis easy to see that P, C P. If P is a solid cone, take any /1 € P then Py, = P For
x,y € Py, we can define

M(x/y) =inf{). € R: x < Ay}, (2.1)

Definition 2.1 [1,16] A:P x P — P is said to be a mixed monotone operator if A(x, y) is
increasing in x, and decreasingin y, i.e., u;,v; (i =1,2) € P, uy < uy,v; > vo imply A(uy,vp) <
A(uy, v2). An element x € P is called a fixed point of A if A(x,x) = x.

Definition 2.2 [22] A :D(A) C E — E is said to be convex if for any x,y € D(A) withx <y
and every ¢ € (0,1), we have A(¢x + (1 — t)y) < tAx + (1 — £)Ay. A is said to be concave if —A

is convex.

3 Main results

In this section we consider the existence and uniqueness of positive solutions for the op-
erator of equation (1.1). Throughout the paper, we assume that E is a real Banach space
with a partial order introduced by a normal cone P of E. Take h € E, h > 6, Py is given as
in the introduction.
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Theorem 3.1 Let P be a normal cone in E. Assume that A, B, C : P x P — P are three mixed
monotone operators and satisfy the following conditions:
(1) foranyt €(0,1), there exists ¢(t) € (t,1] such that

A(tx, t’ly) > @(t)A(x,y), Vx,y€Pb; (3.1)
(2) foranyte(0,1),x,y€P,
B(tx,t7ly) = tB(x,); (3.2)

(3) forany fixedy € P, C(:,y) : P — P is concave; for any fixed x € P, C(x,-) : P — P is
convex;
(4) thereish € P, h > 6 such that A(h,h) € Py, B(h,h) € Py, and C(h, h) € Py;
(5) there exists % <c¢ <1, such that C(0,lh) > ¢cC(lh,0), for any [ > 1;
(6) there exists a constant 8y > 0, such that B(x,y) + C(x,y) < 8oA(x,y), YVx,y € Py.
Then the operator of equation (1.1) has a unique positive solution x* in P, which satisfies
wh < x* < \h, where . >0, u > 0 are two real numbers. And for any initial values xo,o €

Py, by constructing successively the sequences as follows:

Xn = A(xn—lryn—l) + B(xn—ljyn—l) + C(xn—l’yn—l)r

yn = A(yn—lrxn—l) + B(yn—bxn—l) + C(yn—lrxn—l): n= 1; 2; )
we have x, — x* and y, — x* in E, as n — oo.

Proof From (3.1) and (3.2), for any ¢ € (0,1), we have

1
At x,ty) < —A(x,y), Vx,yeP
(t'x 1) O y
and
B(t’lx, ty) <t'B(x,y), Vx,yeP. (3.3)

Since A(h, h) € Py, B(h,h) € Py, C(h,h) € Py, there exist constants a; >0, b; >0 (i =1,2,3)
such that

arh < A(h,h) < bih, axh < B(h, h) < byh, ash < C(h,h) < bsh. (3.4)

First of all, we show A : P, x Py, — Py. For any %,y € Pj,, we can choose two sufficiently

small numbers a1, ay € (0,1) such that

1 1
ath<x<—h, ah<y<—h.
(03] (25}

Let o = min{oy, oo}, then o € (0,1), by (3.1), (3.3), and (3.4), we have

A(x,y) 5A<lh,ah) < LA(h,h) < Lblh,
o p(a) o(a)
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Alx,y) > A<ah, éh) > @(a)A(h, h) > p(a)arh.

Evidently, ﬁbmp(a)al > 0. Thus A(x,y) € Py; thatis, A : Py x Pj, — Py,
Second, we show B: Pj x P;, — Pj,. For any x,y € Py, we can choose two sufficiently small
numbers B, B2 € (0,1) such that

1 1
Bih<x< Eh’ Boh<y< Eh'
Let 8 = min{f, B2}, then B € (0,1), by (3.2), (3.3), and (3.4), we have
B(x,y) §B<%h,ﬁh> < %B(h, h) < %bzh,
B(x,y) > B(ﬂh, %h> > BB(h,h) > Bayh.

Evidently, %bz,ﬂaz > 0. Thus B(x,y) € Py; that is, B: P, X Py, — Py,
Thirdly, we show C: P, x P, — P,. For any ¢ € (0,1), x,y € Py, we have

Clx,y) =C(xtt 'y + 1-1)0) <tC(x,t™'y) + 1 - )C(x,6),
thus

tC(x, t‘ly) > C(x,y) — (1-£)C(x,0). (3.5)
Also, we can find a sufficiently large / such that x, y,t "'y < lh and satisfies (5), so from (5),
(3.5), and the concavity and convexity as well as the monotone property of operator C, we

have

C(tx, t_ly) > tC(x, t_ly) +(1- t)C(@,t‘ly)
> C(x,y)—(1-1t)C(x,0) + (1 —t)C(0, lh)
> C(x,y) + (1 - )[C(0,1h) - C(Ih,0)]

>Cx,y) +(1- t)[C(@,lh) - %C(Q,lh):|

(x9)+1-1) <1 - %)C(G,lh)

=C
1
> [1+(1—t)<1— Z)]C(x,y)

62+ (o

> tC(x,y).
That is,

C(tx, t™'y) = tC(x,y), Vte(0,1),¥x,y € Py (3.6)
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And then it is obvious that
B 1
C(t X, ty) < ;C(x,y), VYt e (0,1),Vx,y € Py. (3.7)

Since x,y € Py, we can choose two sufficiently small numbers 9, 5 € (0,1) such that

1 1
nh<x<—hn, vh<y<—h
21 V2

Let y = min{y1, 2}, then y € (0,1), by (3.4), (3.6), and (3.7), we have
1 1 1
14 14 Y
1
amwchmfw)zyahmZy@h
Y

Evidently, %bg, yas >0. Thus C(x,y) € Py; thatis, C: Py x Py, — Py,
Now we define an operator T =A + B+ C: Py x P, — Py by

T(x,y) =A(x,y) + Bx,y) + C(x,9), x,y€Py.

Then T : Py x P, — Py, is a mixed monotone operator and T' (%, k) € Py,

In the following, we show that for any x,y € Py, ¢ € (0,1), there exists ¥ (¢, x,y) € (¢,1]
such that T'(tx,ty) > ¥ (t,%,y)T(x,y). From (3.1), (3.2), and (3.6), for any ¢ € (0,1) and
x,y € Py, we have

T(tx,t7'y) = A(tx,t7'y) + B(tx,t'y) + C(tx, t7'y)
> p(t)A(x,y) + tB(x,y) + tC(x, y)
> p(H)A(x,y) + t[B(x,y) + C(x,p)].

Foranywx,y € Py,since A, B, C : Py x Py, — Py, we have A(x,y) € Py, B(x,y) € Py, C(x,y) € Py,
and thus we get B(x,y) + C(x,y) ~ A(x, y). Denote

o) :M(B(x,y) + C(x,y)>'

Alx,y)

Then from (6) we have F(x,y) < §o. For any t € (0,1), x,y € Py, consider

@) + Fx, )t

g(s) = Feyns’ € [t,0(0)].

It is clear that g is continuous and strictly decreasing with respect to s. Since

(80t+<p(t)) _ e@) +Flx,y)t
= >1
8o +1 (F(x,y) +1) 2240
and

alo(0) = @(t) + F(x, )t

“Ewy) + Do)
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there exists a unique ¥ (¢,x,y) € (30;0+_f1(¢), @(t)) such that

e +Fayt
W Eny) = e Ny - "

Solving for F(x,y) in the above inequality leads to

_ (ﬂ(t) - W(t:xd’)
Fewy) = Y(txy) -t

From (2.1) we get M(x/y) = inf{A € R:x < Ly}. So from the definitions of F(x, y) and M(x/y),
we can get

B(x,y) + Cx,y) < Vomy) -t

A(x, ).
This inequality can be rewritten as
(DA, Y) + t[Bx,y) + Clx,9)] = ¥ (t,x,9)[Alx,y) + B(x,y) + C(x,9)].
Hence
T(tx,t7'y) = A(tx,t7'y) + B(tx, £ 'y) + C(tx, t7'y)
> ¢(0)A(x,y) + tB(x,y) + tC(x, y)
= p(t)A(x,9) + t[B(x,y) + C(%,)]

> ¥ (t,%,y)[AWy) + Bx,y) + Cx,)]
=y (tx)T(xy).

That is, for any x,y € P, and t € (0,1), there exists ¥ (£, x,y) € (5‘);0+—f1(t),<p(t)) C (¢,1] such
that

T(tx, t_ly) >y (t,x,y)T(x,9). (3.8)

Since T'(h, h) € Py, we can choose a sufficiently small number s € (0,1) such that

1
soh < T(hh) < S—h. (3.9)
0

50%9)

Noting that so < ¥(so,%,y) <1, we can get 1 < v o = %. By the Archimedes principle,

we can take a positive integer k such that

(Iﬁ(s(),x,y)>k -
So - So

that is,

¥ (s0,%,) . (l)? (3.10)

So S0
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Put g = S](;h, Vo = sgkh. Evidently, ug,vo € Py, and ug = S%kvo < vg. Take any r € (O,S%k],
then r € (0,1) and uy > rvoy. By the mixed monotone properties of T, we have T'(ug,vo) <
T (vo,up). Further, by combining condition (3.8) with (3.9) and (3.10), we have

1
T (19, vp) = T(séh, —kh)
So

1 1
1//(50,515 2h, e 2h>T<s’6 2n, e 2h> >
50 So

807
1 % k
- ((2)) o
So
1 k
> —sySoh
= SOSQSO
>skh
= Uy.

From (3.8), we can get, for all £ € (0,1), x,y € P, T(t 'x,ty) < T(x,y). So

Y(txy) txy
L&

T (vo,u0) = T\ < h soh
So

11
= T( = sosk™ h)
1 1
<—— T\ —h, k‘lh)
= Y(so, ks ) <S’5‘1 %
So
1 11
= 1—1T( = soso h)
¥ (so, s(k)—_lh,so‘ h)

1 1 1
= T —h,sk‘2h> <.
w(s(),sé%lh,sé-lh) w(SO,Sé%zh,sé‘%) <S<k)‘2 0

1 1\f
< (—s(’;) T(h,h)
S0

1 1
< el —h
So  So

1
<—h
6

=Vo.
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Thus we have
ug < T(uo,vo) < T (vo, uo) < vo.
For uy, vo, construct successively the sequences as follows:
U, = T(thy_1,V4-1), Veo=TWu1,Uy1), n=12,....

Evidently, #; < v;. By the mixed monotone properties of T, we obtain u#,, <v, (n=1,2,...)

and

Up=U = Uy < SV =< SV SV (3.11)
Noting that uy > rvy, we can get u, > ug > rvo >rv, (n=1,2,...). Let

ty=sup{t>0|u,>tv,,n=12,...}.
Then we have

U, >t,v,, n=12,..., (3.12)
and then by (3.11) we have

Upsl = Uy = LV = LV, N = 1,2,....
Therefore, t,,1 > t,, i.e., {t,} is increasing with {t,} C (0,1]. Suppose t, — t* as n — oo,
then ¢* = 1. Otherwise, 0 < £* < 1. Since ¢, < t* and ¥ (¢, %,y) > ¢, by the mixed monotone
properties of T and (3.8) as well as (3.12), we have

Ups1 = T Uy, vy)

1
T\ t,v,, —u,
I
t t* 1
T Zt*v, ——u,
£ £, t*
to [, 1

= t_*T<t Vis t_*un>

t
= V(v 14) T 10)
t

= t_:w (t*, Vs Mn)Vn+1~

v

\

By the definition of t,, we have £,,; > i—i’l[f(t*, Vi, Uy), that is, ¥ (£*, v, u,) < gtml. So we
get
Sot* + go(t*) t*

<Y (t5 v u,) < —tha, n=12,....
50+1 W( n n)_tn n+l

*
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. . * Sot* * . . o
Since lim,_ i—tml = t*, we get t* < %fl() < t*, which is a contradiction. Thus,
n

lim,,—, » t, = 1. For any natural number p we have

0 =< Upyp — Uy SVp—Uy SVy—yVy = (1 - tn)Vn = (1 - tn)V01

9Svn_Vneran_unS(l_tn)VO: n:1)21~--~
Since the cone P is normal, we have
”uner_un”fN(l_tn)”VOH; ||Vn_Vr1+p||SN(I_tn)”VO”: mp=12,...,

where N is the normality constant of P. So we can claim that {x,} and {v,} are Cauchy
sequences. Because E is complete, there exist #*, v* such that u,, — u*, v, > v*asn — oo.
By (3.11), we know that u, < u* <v* <v, with u*,v* € P}, and

9 SV*_M* Svn_unf(l_tn)v()'
Further, by the normality of cone P, we have
”V*_M*”EN(l_tn)||V0||_>Or n— 0o,

and thus u* = v*. Let x* := u* = v* and then by the mixed monotone properties of T, we
obtain

Up1 = T(Mn) Vn) = T(x*:x*) = T(vnr un) =Vp, n=12,3,....

Let n — oo, then we get x* = T'(x*,x*). That is, x* is a fixed point of T in Py,.

In the following, we prove that x* is the unique fixed point of T in P,. In fact, suppose ¥
is another fixed point of T in P, and x # x*. Since x*,x € P, there exist positive numbers
1, 42, A1, Ao > 0 such that

mh <x* < Ah, Mol <X < Aoh.

Then we obtain

A A
X<ioh="2h<"2x, x> Toh = K2, m> By
1251 1251 )\.1 1

Let
e = sup{t >0 |tx* <x< t‘lx*}.

Evidently, 0 <e; <1,e1x* <x < éx* Next we prove e; = 1. If 0 < e; <1, then by the mixed
monotone properties of 7 and (3.8), we would get

x=T(x,x) > T(elx*, elx*) > W(el,x*,x*)T(x*,x*) = lp(el,x*,x*)x*.
1

Since ¥ (er,x*,x*) > e, this contradicts the definition of e;, so we get e; = 1. Thus x = x*.
Therefore, A has a unique fixed point x* in Pj.
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Now we construct successively the sequences
Xn = T(xn—byn—l): Yn = T()/n—l»xn—l); n=12,...,

for any initial points xg,yo € Py. Since x9,yo € Py, we can choose small numbers e;,e3 €
(0,1) such that

1 1
exh <xo < —h, esh <yy < —h.
ey es3

Let e, = min{ey, e3}. Then e, € (0,1) and

1
exh <x0,50 < —h.
€x

Ylexny)
ex

Since e, < Y¥(es,%,y) <1, we can get 1 < < i By the Archimedes principle, we

can choose a sufficiently large positive integer m such that

W(e*,x;y) - (l)
e, T \ex

Putup =e'h, v = eimh. It is easy to see that 1y, vy € Py, and ug < %0, Yo < Vo. Let

N

Uy = T(ﬁn—lr ‘_/n—l)y Vy = T(l_/n—l’ ﬁn—l)r n=12,....
Similarly, it follows that there exists y* € Pj such that

T(y*,y*) =y, lim u, = lim v, =y".

n—00 n—00

By the uniqueness of the fixed points of the operator T in Py, we get * = y*. And by
induction, u, <x,, y, <V, (n=1,2,...). Since the cone P is normal, we have lim,,_, 5 x,, =

limy,—s 00 ¥ = x*. O

Remark 3.1 Theorem 3.1 is a fixed point theorem for the sum of three classes of mixed
monotone operators, which extends the results in [11-14].

Taking B, C = 0 in Theorem 3.1, we get the following corollary.

Corollary 3.1 Let P be a normal coneinE. Assumethat T : P x P — P is a mixed monotone

operator and satisfies the following conditions:

(A1) There exists h € P with h > 0 such that T (h,h) € Py,
(Ay) Foranyt € (0,1), there exists ¢(t) € (t,1] such that

T(tx, t_ly) >ot)T(x,y), VYx,y€P.

Then the operator T (x,x) = x has a unique solution x* in P, which satisfies uh < x* < Ah,
where A > 0, i > 0 are two real numbers. Moreover, for any initial values xo,yo € Py, by
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constructing successively the sequences as follows:
X0 = T (%p-1,Yn-1)s In=TWn1,%01), n=12,...,
we have x, — x* and y, — x* in E, as n — oo.

Proof Since X is a uniformly convex Banach space and A is bounded, we see that A is
non-empty and {(PT)"(x)} is bounded for any x € Ay. By Theorem 3.1, T has at least one
best proximity point. d

Remark 3.2 Under the conditions (A;), (Ay), this corollary not only guarantees the exis-
tence of upper-lower solutions for the operator T and the existence of a unique fixed point,
but also it constructs successively some sequences for approximating the fixed point.

Taking A, B =6 and % < ¢ <1in Theorem 3.1, from the proof of Theorem 3.1 we get the
following corollary.

Corollary 3.2 Let P be a normal conein E. Assume that C : P x P — P is a mixed monotone
operator and satisfies the following conditions:

(1) forany fixedy € P, C(-,y) : P — P is concave; for any fixed x € P, C(x,-) : P — P is

convex;

(2) thereish € P, h >0 such that C(h,h) € Py;

(3) there exists % <c¢ <1, such that C0,lh) > cC(lh,0),1>1.

Then the operator C(x,x) = x has a unique solution x* in P, which satisfies ph < x* < Ah,
where A > 0, i > 0 are two real numbers. Furthermore, for any initial values xo,yy € Py, by
constructing successively the sequences as follows:

Xp = C(xn—liyn—l); Vn = C(yn—l’xn—l)r n= ]., 2, ooy
we have x, — x* and y, — x* in E, as n — oo.

Remark 3.3 In the above corollary we do not need to require the operator C to satisfy
0 < C(6,v) < v, which extends the result in [12].

Taking ¢(¢) = t%, a € (0,1), we get the following corollary, which generalizes and im-
proves Theorem 2.1 in [21].

Corollary 3.3 Let P be a normal cone in E, o € (0,1). Assume that A,B,C: P x P— P are
three mixed monotone operators and satisfy the following conditions:

(1) forany t € (0,1), x,y € P, we have A(tx, t'y) > t*A(x, y);

(2) foranyt € (0,1), x,y € P, we have B(tx,t'y) > tB(x,y);

(3) forany fixed y € P, C(-,y) : P — P is concave; for any fixed x € P, C(x,-) : P — P is

convex;

(4) thereish € P, h >0 such that A(h,h) € Py, B(h,h) € Py, and C(h,h) € Py;

(5) there exists % <c¢ <1, such that C(0,1h) > cC(lh,0), for any | > 1;

(6) there exists a constant 8y > 0, such that B(x,y) + C(x,y) < 80A(x,7), Vx,y € Py,

Then the operator equation (1.1) has a unique solution x* in P, which satisfies ph < x* <
Ah, where A > 0, 1 > 0 are two real numbers. Furthermore, for any initial values xy, yo € Py,
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by constructing successively the sequences as follows:

Xy = AXp_1, Y1) + B(xy_1, Y1) + C(Xn-1, Y1)

Yn = A(yn—lrxn—l) + B(yn—l,xn—l) + C(yn—bxn—l); n= 1; 2: ooy
we have x, — x* and y, — x* as n — oo.

Corollary 3.4 Let P be a normal cone in E. Let h > 0 and A, B, C : Py, x Py, — Py, are three
mixed monotone operators and satisfy the following conditions:
(1) foranyt € (0,1), there exists ¢(t) € (t,1] such that

A(tx, t’ly) > @(t)A(x,y), Vx,y€ Py

(2) forany t € (0,1), %,y € Py, B(tx,t™1y) > tB(x,y);
(3) forany fixed y € Py, C(-,y) : P, — Py, is concave; for any fixed x € Py,
C(x,) : Py, — Py, is convex;

(4) there exists % <c¢ <1, such that C0,1h) > cC(ih,0),1>1;

(5) there exists a constant 8y > 0, such that B(x,y) + C(x,y) < §oA(x,¥), Vx,y € Py.

Then the operator of equation (1.1) has a unique solution x* in P, which satisfies uh <
x* < \h, where . >0, i > 0 are two real numbers. And for any initial values xy,yo € Py, by
constructing successively the sequences as follows:

Xp = A(xn—lryn—l) + B(xnfl,yn—l) + C(xnfl,yn—lx

yn = A(yn—lrxn—l) + B(yn—lrxn—l) + C(yn—lrxn—l): n= 1; 2; ey
we have x, — x* and y, — x* as n — o0o.

Remark 3.4 If Pisasolid cone, s € P. If we suppose that the operators A, B, C : P, X P;, —
PyorA,B,C:PxP— P, then A(h, h) € Py, B(h, h) € Py, and C(h, h) € Py, are automatically
satisfied in Corollary 3.4.

Theorem 3.2 Let P be a normal conein E. A,B,C : P x P — P are three mixed monotone
operators and satisfy the following conditions:
(1) foranyt €(0,1), there exists ¢(t) € (t,1] such that

A(tx,t7'y) = oA, y), Vx,y€P;

(2) foranyt € (0,1), x,y € P, B(tx,t'y) > tB(x,y);

(3) forany fixed y € P, A(-,y) : P — P is concave; for any fixed x € P, A(x,-): P — P is
convex;

(4) thereis h € P, h >0 such that A(h,h) € Py, B(h,h) € Py, and C(h, h) € Py;

(5) there exists % <c¢ <1, such that C0,1h) > cC(ih,0),1>1;

(6) there exists a constant 8y > 0, such that B(x,y) + C(x,y) < 80A(x,7), Vx,y € Py,

Then for any given X > 0, the operator equation

A(x,x) + B(x,x) + C(x,x) = Ax
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has a unique solution x;_ in P, which satisfies uh < x, < Ah, where % >0, u > 0 are two real
numbers. Furthermore, we have the following conclusions:
(R1) if p(2) > th (80 +1) — 8ot for t € (0,1), then x;_is strictly decreasing in X, that is,
0 < A1 < Ay implies x;,; > %y,;
(R2) if there exists B € (0,1) such that ¢(t) > tP (8o + 1) — Sot for t € (0,1), then x;, is
continuous in X, that is, . — Lo (Ao > 0) implies ||x), — %, || = 0;
(R3) ifthere exists 8 € (0, %) such that ¢(t) > tP(8o + 1) = ot for t € (0,1), then
lim; o6 [l [l = 0, limy o+ [l23. || = 00.

Proof For fixed A > 0, by Theorem 3.1, %T : Py, x P, — Pj, is mixed monotone and satisfies

(%T) (1719) = 2T (1579) 2 Ty (6N T = v, x,y)GT) ),

foranywx,y € Py, t € (0,1). So it follows from Theorem 3.1 that %T has a unique fixed point
x; in Py,. That is, T(x;,x,) = Ax,. For convenience of proof, we let

~ Iny (¢, %)

a(t,x,y) = e vt € (0,1).

Then a(t,x,9) € [0,1) and ¥ (t, %, y) = t*“*), Thus T(tx, t'y) > t*@*) T(x, y), for any x,y €
Py, t€(0,1).
(1) Proof of (R1). Suppose 0 < A1 < A, and let
fo = supft >0 | x5, > txs,, %, > 2, ),
then we have 0 < £y <1 and

X3y = toXay, Xpy = Lo%s, . (3.13)

By the mixed monotone properties of T,

Aoy = T (ry, %) > T(tOxAZrt(;lxkg) = fg(to'xkz,xkz)T(xAz,xxz) = tff (to,xxz,xxz))\th,

hotry = Ty, %2,) > T(tox;q, tglxh) > tg(to’x“’xkl)T(x,\l,x;\l) = tg(to'xh’x“)klx,\l.
Further

D b Y e PP e W i L L (3.14)
Noting that Aflkgtg (or722%2,) > ty, from the definition of ¢y and (3.14), we get

Mty N < g,

which in turn yields

1
A\ Tl 50
to > <—1> e (3.15)

A2
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Hence

alty Ao x)‘Z) 1-2a(tg, L x)hl)

A\ ol ) Ay \ Tty 0y
>)\ 1)\.2 e S Xy = 2 2 Xg- (3.16)
)\2 )"1

1
Noting that ¢(t) > to (80 +1) — 8oto, we have ¥ (fg,x,y) > £ tg fjoto > tg, and thus we have

alty,x,y) < i and consequently,
1-2a(tp, Fp x;»l)

()\2> T-a(tyx)y #ny)
> 1.
A

Thus, x5, > x;,.
(2) Proof of (R2). Since ¢(t) > t# (8¢ + 1) — 8ot for t € (0,1), we have (¢, x,y) > L2004 ‘0 *5"‘0 >
tP for t € (0,1), and thus we get a(¢,x,y) < B for ¢ € (0,1). By (3.13) and (3.15), we have

1 %
MNP )»1 altyxy; %)
T xkz =< xkz =< x}q
A2 A

1

1 A W Ay \ P
1 o< (22) s 317
i AZ_(M) 2\ N >
1 1
)"1 -8 - )\‘1 1*““0"‘)»1"%1) < < 1
i X — X, X, —X
A2 =0, TR =T
A ﬁ A o
—a(fQ,%) 1 X, i
< =2 i X = =2 Xag- (3.18)
M A

Further

A\ TP A \TF [\ TP
Qfx)q— A_z X)QS )\’—1 - A_z Koy

Consequently, from the normality of cone P and (3.17), we get

L L
-B -B
= (52) " mel | () e
Mo \TF [\ TP M\ TP
()7 - () et (i)
M » »

where N is the normality constant. Let A; — A3, we have ||x;, — x3, || — 0. Similarly, let

”x)q — Xy ” <

=1l [l

Ay — Af, from (3.18) we can also prove ||x;, —x;, || = 0. So the conclusion (R2) holds.
(3) Proof of (R3). Since ¢(¢) > t#(8¢ + 1) — 8ot for t € (0,1), we have ¥ (¢, x,) > % >
tP for t € (0,1), and thus we have a(t,x,y) < B < % for t € (0,1). Let A; =1, Ay = A in (3.16),

then we have

1-2a(tg %1 %1) 1-28

x> ATeloam) x, > A TF x,, VA>1.
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Thus we can easily obtain

N
leall < Tzﬁ”x1”7 VA >1,
L TB

where N is the normality constant. Let A — oo, then ||x, || — 0. Similarly,let A; = A, A, =1
in (3.16), then

71—20(([0,76)\,36)\) _1-28
X5 > A T-a(tg > %) xX1>A Px, VO<Ac<I.

Thus
L, L2
lesll = NT°A 18 Jla]l, VO<A<],
where N is the normality constant. Let A — 0%, then we have ||x; || — oc. O

4 Applications

Many problems in various areas, such as differential equations, integral equations, bound-
ary value problems and nonlinear matrix equations, can be converted to the operator
equation (1.1). We refer the reader to [27—-34] and the references therein. In this section, we
apply the results in Section 3 to study a class of nonlinear fractional differential equations
with integral boundary conditions. We focus on the existence and uniqueness of positive
solutions for the following nonlinear fractional differential equations with integral bound-
ary conditions:

D, u(t) =f (&, u(t), u(t)) + g(t, u(®), u(t)) + k(t, u(t), u(t)), 0<t<l,
u(0) =u/(0) =u"(0) = 0, (4.1)
u() = [) uls)ds,

where 3 <o <4, 0 <75 <1,and D§, is the Riemann-Liouville fractional derivative of order
a > 0, defined by

o _ 1 i ! ! _ n—a-1
Do’ru(t)_ir‘(n—a)(dt) /O(t 7) u(t)dr.

In the following, for the sake of convenience, set E = C[0, 1], the Banach space of continu-
ous functions on [0, 1] with the norm ||y|| = max{|y(¢)|: ¢ € [0,1]}. P = {y € C[0,1] | y(¢) >
0,t € [0,1]}. It is clear that P is a normal cone of which the normality constant is 1. The
Green function of problem (4.1) is as follows:

ta—l(l _ S)a—l _ (H;S)“ pel 1- %)(t _ S)a—l,
0<s<t<ls<n;
1 o
Gt,s) = ———— 11— - (1-L)(t-9", 0<n<s<t<; (4.2)
1 -g)e - el o<t <s<p<1;

i1 -5, 0<t<s<ln<s,

where p(s) =1 - %(1 —5). Obviously, G(¢,s) is continuous on [0,1] x [0,1].
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Lemma 4.1 [35] Let 3 < o < 4. Then the Green function G(t,s) defined by (4.2) has the

following properties:
(1) G(t,s) >0, (t,s) €[0,1] x [0,1];
() ey sl -8 h(t) < Glt,s) < @M () _g)epy(r), 1,5 € [0,1], whhere

h(t) =271,

Theorem 4.2 Assume that the following conditions (H;)-(Hs) hold:

(H1) f.g k :[0,1] x [0,+00) x [0,+00) — [0,+00) are continuous, with f(¢,0,1) # 0,
2(t,0,1) £ 0, k(£,0,1) £ 0, t € [0,1];

(Hg) for any fixed t € [0,1] and v € [0, +00), f(¢,u,v), g(t, u,v), k(t,u,v) are increasing in
u € [0, +00); for any fixed t € [0,1] and u € [0,+00), f(t,u,v), g(t,u,v), k(t,u,v) are
decreasing in v € [0, +00);

(H3) for » € (0,1), t € [0,1], u,v € [0, +00), g(t, Au, A72v) > Ag(t, u,v); for any » € (0,1), t €
[0,1], u,v € [0, +00), there exists (L) € (A, 1] such that f(t, au, \"1v) > oW\ )f (¢, u,v);
and for fixed t € [0,1], v € [0, +00), k(¢, -, v) is concave; for fixed t € [0,1], u € [0, +00),
k(t,u,-) is convex;

(Hy) there exists % < c <1 such that k(s,0,lh(t)) > ck(s,lh(t),0), ] > 1;

(Hs) there exists a constant 8o > 0, such that g(t,u,v) + k(t,u,v) < of (t,u,v), Vt € [0,1],
u,v € [0, +00).

Then the problem (4.1) has a unique positive solution u* in P, which satisfies ut*™! <

u*(t) < A%, where A > 0, 1 > 0 are two real numbers, t € [0,1]. Furthermore for any

%0,%0 € Py, by constructing successively the sequences

1 1
Fnar(£) = /0 Glt, ) (5%(5), () ds + /0 Glt, 5)g(5,7%(5), 7a(s)) dis
1
+/ G(t,s)k(s,x,,(s),yn(s))ds, n=0,12,...,
0
1 1
Pona0) = /0 Glt, 5)f (5, ynl5)y3n(s)) ds + /0 Glt, )8 (59 (), %(5)) s

1
+/ G(t, 9)k(8,yu(5),%4(s)) ds, n=0,1,2,...,
0

we have x,(t) = u*, t € [0,1] and y,(t) = u*(¢), t € [0,1].

Proof From [29], the problem (4.1) has an integral formulation given by
u(t) = / G(t,s)[f(s, u(s), u(s)) +g(s, u(s), u(s)) + k(s, u(s), u(s))] ds,

where G(t,s) is given as in (4.2).
Define three operators A,B,C: P x P — E by

Au,v)(t) = /01 G(t, s)f(s, u(s), V(s)) ds,

1
B () = / Glt,s)g (s, u(s), v(s)) ds,
0
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1
Clu,v)(t) = / G(t, 9)k(s, u(s), v(s)) ds.
0

It is easy to prove that u is the solution of the problem (4.1) if and only if u = A(u, u) +
B(u,u) + C(u, u). From (H;), we know that A,B,C : P x P — P. Further, it follows from
(Hy) that A, B, C are mixed monotone. For any A € (0,1) and u, v € P, by (H3) we obtain

1
A(Au,27') = / G(t, 9)f (s, hu(s), A™'v(s)) ds
0
1
= 900) [ Gt (55, v5) ds
0
= (MA(u,v)(t).

That is, A(Au, A™1v) > @(A)A(u,v) for A € (0,1), u,v € P. So the operator A satisfies (3.1).
Also, for any A € (0,1) and u,v € P, from (Hsz) we know that

1
B(ru, A7) :f G(t,9)g (s, Mu(s), A" v(s)) ds
0

1
> Af G(t,s)g(s, u(s), v(s)) ds
0
= AB(u,v)(t).
That is, B(Au, A"1v) > AB(u,v) for A € (0,1), u,v € P. So the operator A satisfies (3.2).
Now we prove that for fixed v € [0, +00), C(¢,-,v) : P — P is concave; for fixed u €
[0,+00), C(t,u,-) : P — P is convex. For fixed ¢ € (0,1), v € [0, +00), for any a € (0,1),
U, Uy € P,
1
C(aul + (1 —a)u,, v) = / G(t, s)k(s, auy(s) + (1 — a)u,(s), v(s)) ds
0
1
> / G(t, s)(ak(s, u1(s), V(s)) +(1- a)k(s, us(s), v(s))) ds
0
1
= af G(t,s)k(s, u1(s), V(s)) ds
0

1
+(1-a) / G(t,s)k(s, us(s), v(s)) ds
0
= aC(uy(s), () + (1 - a)C(us(s), v(s)),

so for fixed v € [0, +00), C(t,-,v) : P — P is concave; for fixed £ € (0,1), u € [0, +00), for any
ac€(0,1),v,vy €P,

1
C(u, avi + (1 - a)vz) = / G(t,s)k(s, u(s),avi(s) + (1 - a)vz(s)) ds
0
1
< / G(t,s)(ak(s, u(s), (s)) +(1- a)k(s, u(s), vz(s))) ds
0

1
= a/ G(t, s)k(s, u(s),n (s)) ds
0
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1
+(1-a) / G(t, 9)k(s, u(s), va(s)) ds
0

= aC(u(s), v1(s)) + (1 — a)C(u(s), v2(s)),

so for fixed u € [0, +00), C(¢,u,-) : P — P is convex.
Then we show that A(/, k) € Py, B(h,h) € Py, and C(h,h) € Py,. In fact, from (4.2) and

Lemma 4.1

1
A(h,h)(t):/o G(t,5)k(s,f (5).f (5)) ds

(@ —1)(a — n%) + 4n*~*
I'(a) (o — %)

1
h(t) /(; 1 -s)*"f(s,1,0)ds,

1 noz 1
Al h)(t) = /(; G(t,5)f (s, h(s), h(s)) ds > h(t)/(; s(1—s)*7'f(5,0,1) ds.

ERNCHCED)

From (H,), we have
f(s,1,0) > f(s,0,1)£0, Vse[0,1],

SO

1 1
/f(s,l,O)dsz/f(s,o,l)ds>0,
0 0

and consequently A(k, /i) € Pj,. Similarly,

o

il ' a-1
mh(ﬂ fo s(1-5)""g(s,0,1) ds

(@ =1 =) +4n*~"

< B(h(t),h(t)) = I'(a)(x — n%)

1
H(e) / g(5,1,0)(1 ) ds,
0

from g(t,0,1) £ 0, we have B(h, h) € Py,.

o

1
il a—-1
raa—m " /0 s(1-5)*"'k(s,0,1) ds

(@ =)@ =n") +4n°"

< C(h(t),h(p)) < (o) (o — %)

h(t) /01(1 —8)%%k(s,1,0) ds,

from k(¢,0,1) = 0, we have C(k, h) € Py,. Hence the condition (4) of Theorem 3.1 is satisfied.
In the following we show that the condition (6) of Theorem 3.1 is satisfied. From (Ha),

there exists % < ¢ <1 such that

1

1
C(@,lh(t)) = /0 G(t,s)k(s,@,lh(s)) ds > C/o G(t,s)k(s, lh(s),@) ds

= cC(In(t),6), 1>1.
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For u,v € P, from (Hs),

1
B(u,v)(t) + C(u,v)(t) = ‘/(; G(t,s) [g(s, u(s),v(s)) + k(s, u(s),v(s))] ds
1
< / G(t, s)f(s, u(s), V(s)) ds = 80A(u,v)(t).
0

Then we get B(u, v) + C(u, v) < 80A(u,v), u,v € P. So the conclusions of Theorem 4.2 follow
from Theorem 3.1. O

Example 4.1 Consider the boundary value problem

7
DIu@®=£+w+1)2 +@+1)3 + (w+1) 1+ (v+1)75 - Te+ e +3,
O0<t<l,
u(0) =u'(0) =u"(0) =0,
1
u(l) = [ uls)ds.

(4.3)

Consider the functions f,g, k : [0,1] x [0, +00) x [0, +00) — [0, +00), defined by

f(t,x,y)=t2+1+(x+1)%+(y+1)’%, te€[0,1],x,y >0,
g(t,x,y):t2+(x+1)%+(y+1)’1, t€[0,1],%,y >0,

1 1
k(t,x,y) = -2 +2- Ze’x + Ee’y, te€[0,1],x,y > 0.

Then (4.3) is equivalent to

Déu(t) =f(t,u,u) +g(t,u,u) + k(t,u,u), 0<t<l,
u(0) =4/(0) =u"(0) = 0, (4.4)
u(l) = fo% u(s) ds.

Let us check that all the required conditions of Theorem 4.2 are satisfied.

(1) Clearly, the functions f,g,k : [0,1] x [0,+00) X [0,+00) — [0, +00) are continuous
with £(£,0,1) £ 0, g(£,0,1) £ 0, k(2,0,1) 0.

(2) We observe easily that for fixed ¢ € [0,1] and y € [0, +00), f(¢,%,y), g(¢, %, y), k(t,x,7)
are increasing in x € [0, +00); for fixed ¢ € [0,1] and x € [0, +00), f (£, x,¥), g(t, x, %), k(t, x,)
are decreasing in y € [0, +00).

(3) Forall 2 € (0,1), t € [0,1], and x > 0, y > 0, taking ¢(}) = AT e (A, 1), we have

f(t’)‘x'}‘_ly) =" +1+ ()»x+1)% + ()»"ly+1)_%
>2 4140+ A)? +(?»’1y+x-1)’%
=2 41422(x+1)2 +AS(p+1)75
2(0()\)[:2+1+(x+1)% +(y+1)—é]

= QO(A)f(t:x’y)'
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Forall 2 € (0,1), £ € [0,1], and x > 0, y > 0, we have

g(tax1ly) =2 + (e + 1)% +(A 7y + 1)71
> 2+ (e + A)% + (A'ly + A‘l)_l
> a2 +A%(x+ 1)% +Ay+ 1)
> )u[t2 + (% + 1)% + @+ 1)_1]

= Ag(t,x,y).
It is easy to prove that
/" 1 —X /! 1 -
k,,(t,x,y)=—-—€e" <0, k), (t,x,y)=—e?>0.
4 4
So for fixed t € (0,1), y € [0,+00), k(¢,-,y) is concave; for fixed t € (0,1), x € [0, +00),

k(t,x,-) is convex.
(4) For all s € (0,1), y € [0, +00), taking ¢ = %, it is easy to prove

k(s,0,y) = (1-s%) + (% + %e‘y) > c[(l -$)+ (2 - ie’y):| = ck(s,y,0).

(5) Taking 8¢ = 3, then

4 4
1 1 1 1
= 1)3 1D T4+2- —e %y ¢
+1)3 +(y+1)72 + 26 1€
53[t2+1+(x+1)%+()/+1)_%]
=3f(t,%,)
=8f (6, %,9).

Thus we proved that all the hypotheses of Theorem 4.2 are satisfied. Then we deduce that
(4.3) has one and only one positive solution x* € Py, where h(t) = t3 ,te[0,1].
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